Intestinal microflora play significant roles in the metabolism of unabsorbable dietary components and in the enterohepatic circulation of endogenous and exogenous substances.
Ginseng (the root of Panax ginseng C.A. MEYER, Araliaceae) is frequently used as a crude substance and taken orally in China, Korea, Japan, and other Asian countries as a traditional medicine. 6) The major components of ginseng are ginsenosides, which are glycosides containing an aglycone with a dammarane skeleton. 7) To express the pharmacological actions of these ginsenosides, it is thought that ginseng saponins must be metabolized by human intestinal bacteria after they are orally administered. 5, [8] [9] [10] For example, ginsenosides Rb1, Rb2, and Rc are transformed to 20-O-b-Dglucopyranosyl-20(S)-protopanaxadiol (compound K) by human intestinal bacteria. Compound K induces an antimetastatic or anticarcinogenic effect by blocking tumor invasion or preventing chromosomal aberration and tumorigenesis. Related to the biotransformation of ginsenosides, Hasegawa et al. 11) and Bae et al. 12) isolated Prevotella oris, Fusobacterium K-60 and Bacteroides HJ-15, from human intestinal feces. Park et al. purified ginsenoside Rb1-metabolizing b-glucosidase from Fusobacterium K-60. 13) However, the purification and characterization of b-D-xylosidase (EC 3.2.1.37) from intestinal bacteria related to the metabolism of ginsenosides has not been studied.
Therefore, we attempted to purify and characterize ginsenoside Ra-hydrolyzing b-D-xylosidase from Bifidobacterium breve K-110 (Chart 1), which was isolated as a ginsenoside-hydrolyzing intestinal bacterium from human intestinal feces.
MATERIALS AND METHODS

Materials p-Nitrophenyl-b-D-xylopyranoside
(PNX), sodium thioglycolate, tosyl-L-lysine chlormethyl ketone (TLCK), iodoacetic acid, N-ethylmaleneimide (NEM), pchlormercuryphenylsulfonic acid (PCMS), carbodiimide, paraoxon, dithiothreitol (DTT), mercaptoethenol and ascorbic acid were purchased from Sigma Chem. Co. (U.S.A.). Ginsenosides were isolated according to the previously used method. 14) General anaerobic medium (GAM) was purchased from Nissui Pharmaceutical Co., Ltd. (Tokyo, Japan). Tryptic soy broth (TS) and the other media were purchased from Difco Co. (U.S.A.). DEAE-cellulose, hydroxyapatite ultrogel and butyl-toyopearl were purchased from Sigma Chem. Co. (U.S.A.). Sephacryl S-300 and molecular weight markers for gel filtration and protein electrophoresis markers were purchased from Amersham Pharmacia Biotech. (U.S.A.). Protein assay reagent was purchased from Bio-Rad Laboratories (U.S.A.), and the other chemicals were of analytical reagent grade.
Isolation were cultured in GAM broth and assayed for the activity transforming ginsenoside Ra1. The positive bacteria were identified according to Bergey's Manual. 14) Assay of the Enzyme Activity The reaction mixture containing 200 ml of 2 mM PNX, 100 ml of the enzyme, and 300 ml of 50 mM phosphate buffer (pH 7.0) was incubated for 0.5, 1, 5 and 12 h at 37°C. The reaction was stopped by adding 400 ml of 0.5 N NaOH, and its absorbance at 405 nm was measured by UV spectrophotometer (Shimadzu UV-120-02, Japan). In the case of ginsenosides, the reaction mixture was stopped by extraction with BuOH, the BuOH fraction was evaporated, and assayed by TLC: TLC plates, silica gel 60F 254 (Merck Co., U.S.A.); developing solvent, CHCl 3 -MeOH-H 2 O (65 : 35 : 10 v/v, lower phase). In the case of xylan, the reaction mixture contained 2 mg/ml xylan instead of ginsenosides and the mixture was stopped by adding MeOH, evaporated, and assayed by TLC: TLC plates, silica gel 60F 254 (Merck Co., U.S.A.); developing solvent, isopropylalcohol-H 2 O (4 : 1 v/v). These plates were stained by spraying with MeOH-H 2 SO 4 (95 : 5 v/v), followed by heating. The stained TLCs were then analyzed by a TLC scanner (Shimadzu model CS-9301PC).
One unit of enzyme activity was defined as the amount required to catalyze the formation of 1.0 mmol of p-nitrophenol per min under the standard assay conditions. Specific activity was defined in terms of units per mg protein.
Protein Measurement Protein was measured by the Bradford method, using a bovine serum albumin as a standard.
15)
Purification of b b-D-Xylosidase from B. breve K-110 B. breve K-110 was cultured at 37°C for 18 h in 10 l of tryptic soy broth containing 0.1% ascorbic acid, 0.01% sodium thioglycolate and 1 mM PNX under anaerobic conditions, and harvested by centrifugation for 30 min at 5000ϫg. The pellets were washed twice with cold 50 mM sodium phosphate buffer (Buffer A) and then suspended in 100 ml of the same buffer, pH 7.0, and the suspended cells ultrasonicated on ice for 15 min (100 watts, 60% pulsed mode). The disrupted cells were centrifuged at 10000ϫg for 60 min and the supernatant was used as a crude enzyme solution. The crude enzyme was precipitated with 70% saturated ammonium sulfate and centrifuged at 10000ϫg for 60 min. The pellets were resuspended with 70 ml of 25 mM sodium phosphate buffer, and dialyzed twice against 3 l of the Buffer A.
The dialysate was applied on QAE-cellulose column (2.8ϫ34 cm) previously equilibrated with Buffer A. The column was washed with 250 ml of the same buffer and the linear gradient elution was undertaken with 300 ml of Buffer A and 300 ml of the same buffer containing 1 M KCl. All fractions obtained were assayed for b-D-xylosidase activity. The active fractions were pooled and the same volume of Buffer A containing 2.0 M ammonium sulfate added. The combined fraction was put on a butyl-toyopearl column (2.8ϫ4.0 cm) previously equilibrated with Buffer A containing 1.0 M ammonium sulfate. The column was washed with 120 ml of the same buffer and the linear gradient elution was undertaken with 300 ml of Buffer A containing 1.0 M ammonium sulfate and 300 ml of Buffer A (Fig. 1) . All fractions obtained were assayed for b-D-xylosidase activity. The active fraction was dialyzed twice against 3 l of 10 mM phosphate buffer (pH 7.0) (Buffer B) for the further purification of b-D-xylosidase. The dialysate was applied on a hydroxyapatite ultrogel column (2.8ϫ3.0 cm) equilibrated with Buffer B. The b-D-xylosidase was eluted from the column with 240 ml of a linear 10 to 150 mM sodium phosphate buffer gradient and the enzymeactive fractions (32 ml in 8 fractions) were pooled and dialyzed twice against 3 l of Buffer A for 18 h. The dialysate was applied on Q-Sepharose column (1.6ϫ3.0 cm) previously equilibrated with Buffer A. The column was washed with 250 ml of the same buffer and the linear gradient elution was undertaken with 200 ml of Buffer A and 200 ml of the same buffer containing 1 M KCl. All fractions obtained were assayed for b-D-xylosidase. The active fractions were pooled and dialyzed twice against 2 l of Buffer A for 18 h. The active fractions (6.12 ml in 6 fractions) were homogeneous b-D-xylosidase by native and denatured PAGE.
Characterization of b b-D-Xylosidase Electrophoresis was done using a discontinuous polyacrylamide gel (10% separating gel, 4% stacking gel, 1 mm thickness) under native or denatured conditions by the procedure described by Laemmli.
16) The gel was performed with Coomassie brilliant blue R250 and further stained with silver. The molecular weights of the purified enzymes were estimated by comparing with molecular weight markers. The enzyme activity staining was done as follows: the electrophoresed gel was cut at intervals of 0.5 cm, immersed in the enzyme reaction mixture instead of enzyme, and incubated at 37°C for 5 h. The reaction was stopped by adding 500 ml of 0.25 N NaOH. Its absorbance at 405 nm was measured by UV spectrophotometer. The molecular weight of the native enzyme was estimated by gel filtration using a Sephacryl S-300 column (1.6ϫ70 cm) equilibrated with a gel filtration low and high molecular weight calibration kit (from Sigma and Amersham Pharmacia Biotech).
The optimum pHs for the purified enzymes were examined using the following buffers: 50 mM acetate (pH 3.5-6.5), 50 mM phosphate (6.0-7.5) and 50 mM NaOH glycine (8.0-9.0).
To investigate the effect of metals and chemical modifying agents on the enzyme activity, the enzymes were incubated with various concentrations of metals and chemical modifying agents and then their activities were measured for 30 min at 37°C.
RESULTS
Screening of Ginsenoside Ra-Hydrolyzing Human Intestinal Bacteria
When the ginsenoside Ra1-hydrolyzing activity was preliminarily assayed in five samples of human feces, the enzyme activity was detected in all specimens, but the activities varied dependent on the individual (data not shown). Therefore, we screened b-D-xylosidase-positive bacteria from human intestinal bacteria. Nine bacteria potently hydrolyzed ginsenoside Ra1 to ginsenoside Rb2. K-110 was the most potent bacterium and mainly transformed ginsenoside Ra1 to ginsenoside Rb2. K-110 hydrolyzed ginsenoside Ra1 as well as ginsenoside Ra2. As identified in Bergey's Manual, K-110 was a Bifidobacterium breve, which was anaerobic, gram-positive, non-spore forming, rod-shaped, and non-gas productive. B. breve K-110 produced increasing b-D-xylosidase activity according to the growth. The enzyme activity reached a plateau in 18-20 h of cultivation. B. breve K-110 was constitutively produced in tryptic soy broth containing glucose as a carbon source, but induced the enzyme 2-5.2-fold in tryptic soy broth containing 1-2 mM PNX. However, more than 2 mM PNX significantly inhibited the growth of K-110. To purify b-D-xylosidase from B. breve K-110, it was cultured anaerobically from 18 h at 37°C in tryptic soy broth containing 0.01% sodium thioglycolate, 0.1% ascorbic acid and 1 mM PNX.
Purification of b b-D-Xylosidase b-D-Xylosidase was purified 1036-fold from a crude extract with yield of 8.1% by the procedures shown Table 1 . The specific activity of the homogeneously purified b-D-xylosidase was 51.82 mmol/min/ mg. Only a single band was observed by PAGE of the purified enzyme with or without SDS (Fig. 1) . The Coomassie blue staining band of the purified enzyme was identical to the enzyme activity peak on the gels of non-SDS-PAGE.
Characterization of b b-D-Xylosidase The molecular mass of b-D-xylosidase was 49 kDa by SDS-PAGE and Sephacryl S-300 HR column chromatography.
When the activity of the purified b-D-xylosidase was assayed at 37°C, optimal pH of the enzyme was found to be 5.0. The effects of chemical modifying agents and metal ions on the purified b-D-xylosidase were investigated (data not shown). PCMS potently inhibited the purified enzyme, and the enzyme was weakly inhibited by Mn ϩϩ and Cu ϩϩ . However, most metal ions did not inhibit these enzymes. The pI value of both the purified b-D-xylosidase was 4.2.
Substrate Specificity The substrate specificity of b-Dxylosidase for synthetic substrates and natural glycosides was investigated ( Table 2 ). The best substrate of the purified enzyme was PNX, followed by ginsenoside Ra1 and Ra2. This enzyme transformed ginsenosides Ra1 and Ra2 to ginsenoside Rb2 and Rc (not compound K or 20(S)-protopanaxadiol), respectively. The enzyme also hydrolyzed xylan to xylose alone (not dimer or polymers of xylose). However, p-nitrophenyl-b-glucopyranoside, p-nitrophenyl-bgalactopyranoside, p-nitrophenyl-b-fucopyranoside and cellobiose were not effective as substrates.
Using PNX and ginsenoside Ra1 as a substrate for the purified enzyme, K m and V max were estimated to be 1.54 mM and 121.8 mnmol/min/mg, and 5.56 mM and 17.5 mnmol/min/mg, respectively (Table 3) .
DISCUSSION
Plant polysaccharides and glycosides consist of a composite structure containing a complex mixture of polysaccharides such as xylan and ginsenosides. 7, 17) D-Xylose is a common component of several polysaccharides and glycosides. Ginsenosides Ra1 and Ra2 are D-xylose-bound glycosides in ginsenoside Rb2 and Rc, respectively.
7)
b-D-Xylosidase (EC 3.2.1.37) previously purified from many microbes catalyzes the hydrolysis of nonreducing terminal b-D-xylopyranoside linkages in arabinofuranose-containing polysaccharides such as xylan. 18) Nevertheless, ginsenoside Ra-hydrolyzing b-D-xylosidases were not purified, although xylanases were purified from many microbes. 18) b-D-Xylose linkage of ginsenoside Ra was easily hydrolyzed to ginsenoside Rb2/Rc by B. breve K-110, a human anaerobic intestinal bacterium. Therefore, we purified b-Dxylosidase from B. breve K-110, which was a potent ginsenoside Ra-hydrolyzing bacterium in human intestinal microflora.
The molecular mass of the purified b-D-xylosidase was 49 kDa by SDS-PAGE and gel filtration. This result suggests that b-D-xylosidase consists of a single subunit. The optimal pH of the enzyme was found to be 5.0. PCMS alone potently inhibited the enzyme. This result suggests that cysteine may be important in catalysis of these enzymes. When the substrate specificity of b-D-xylosidase for synthetic substrates and natural glycosides was investigated, b-D-xylosidase hydrolyzed PNX and ginsenosides Ra1 and Ra2. This enzyme also hydrolyzed xylan to xylose alone (not dimer or polymers of xylose). However, the enzyme did not hydrolyze p-nitrophenyl-b-glucopyranoside, p-nitrophenyl-b-arabinofuranoside, p-nitrophenyl-b-galactopyranoside or p-nitrophenyl-bfucopyranoside. The purified b-D-xylosidase substrate specificity is different from that of the previously reported b-D-xylosidase of Aspergillus niger, Lactobacillus lactis and Bacillus pumilus. [19] [20] [21] However, these results suggest that the purified enzyme belongs to exo b-D-xylosidase (EC 3.2.1.37).
In conclusion, this is the first report on the purification and characterization of a ginsenoside-hydrolyzing b-D-xylosidase from human intestinal bacteria. The substrate specificity and the characterization of b-D-xylosidase are different from the previously reported b-D-xylosidases. We suggest that b-D-xylosidase produced from human intestinal bacteria could transform ginsenosides Ra1 and Ra2 to ginsenosides Rb2 and Rc in the human intestine, respectively.
